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SUMMARY 
A near-zero-gravity hydrogen hea t - t ransfer  experiment w a s  conducted 

The f o r  a period of about 4 minutes i n  an Aerobee 150A sounding rocket. 
primary object ives  of t h i s  experiment were (1) t o  determine the  f l u i d  
configuration under conditions of weightlessness and ( 2 )  t o  determine 
the  hea t  t r ans fe r  between a container  w a l l  and a f l u i d  i n  a weightless 
environment. 

surrounded by a radiant  heater,  which provided a source of heat  f l u x  
representa t ive  of t h a t  which would be absorbed by an ear th-orb i t ing  bare 
s t a i n l e s s - s t e e l  tank. 
instrumented with temperature sensors, which provided a means of de te r -  
mining whether t h e  w a l l  w a s  l i q u i d  wetted o r  vapor wetted. 

wetted t h e  w a l l s .  About 160 seconds a f t e r  rocket sus t a ine r  burnout, a 
port ion of t he  spher ica l  container  s t a r t e d  t o  "dry." 
covered a rea  continued t o  increase during the  remainder of t he  f l i g h t  and 
eventual ly  covered about one-half o f  the sphere area. A small s inus-  
o i d a l  g force and a f a i l u r e  t o  recover motion p ic tures  during t h i s  
f l i g h t  prevented a pos i t ive  conclusion regarding the  equilibrium f l u i d  
configurat ion during weightless periods. 

The measured w a l l  temperatures indicated t h a t  the l i q u i d  adjacent 
t o  the  w a l l  w a s  near t he  sa tura t ion  temperature determined by the  sphere 
pressure. 
were vapor covered and at  higher temperatures. The f a c t  t h a t  the  l i qu id -  
wetted w a l l  temperatures and sa tura t ion  temperatures were considerably 
higher than t h e  ca lcu la ted  bulk temperature (based on t h e  known hea t  
impact and uniform mixing) indicated tha t  some degree of s t r a t i f i c a t i o n  
had taken place. Consequently, the calculated pressure r i s e  w a s  con- 
s iderably  lower than t h a t  measured during f l i g h t .  

The apparatus consisted of a thin-walled spher ica l  hydrogen container 

The outer  surface of the  hydrogen container  w a s  

For approximately one-half o f  t he  f l i g h t ,  l i q u i d  hydrogen completely 

This vapor- 

This condition persisted even when l a rge  a reas  of the  w a l l  

* 
T i t l e ,  Unclassified.  
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INTRODUCTION 

Liquid behavior i n  a weightless environment i s  a problem of i m -  
portance t o  space vehicles employing l i q u i d s  f o r  propellants,  coolants, 
or other purposes. Unt i l  the  behavior of l i q u i d s  i n  t h i s  environment i s  
more predictable, it w i l l  be d i f f i c u l t  t o  provide r e l i a b l e  answers t o  
basic  questions concerning venting of vapor instead of l i q u i d  from pro- 
pe l lan t  tanks, co l lec t ion  of l i q u i d  propel lants  ( e s p e c i a l l y  those t h a t  
a r e  e a s i l y  vaporized) a f t e r  long coast  periods, excessive pressure bui ld-  
up i n  propellant tanks due t o  temperature s t r a t i f i c a t i o n  i n  the  l iqu id ,  
and nucleate and fi lm boi l ing  phenomena. 

Basic t o  a l l  of the preceding questions i s  a knowledge of the  f l u i d  
configuration under conditions of weightlessness both with and without 
heat t ransfer .  Many a n a l y t i c a l  and experimental attempts have been made 
t o  gain a b e t t e r  understanding of these phenomena. The behavior of  
l iqu ids  i n  a zero- or  near-zero-gravity environment w a s  studied a n a l y t i -  
c a l l y  i n  references 1 t o  3 and experimentally i n  references 4 and 5. 
With no heat t r a n s f e r  it has been general ly  concluded t h a t  the equi l ib-  
rium configuration w i l l  depend upon t h e  r e l a t i v e  magnitude of the i n t e r -  
molecular forces (adhesion and cohesion). With heat t r a n s f e r  it i s  not 
known how the formation of vapor (as i n  boi l ing)  w i l l  a f f e c t  the equi- 
librium configuration. In  a weightless environment buoyancy forces  and 
f r e e  convection w i l l  no longer e x i s t  and hence leave no obvious means of 
removing the  vapor from the  w a l l .  
wetting f l u i d  l i k e  hydrogen, the vapor bubbles formed on the w a l l  would 
grow and eventually j o i n  the l a r g e r  vapor bubble i n  the  center  of the  
tank. Reference 6 a l s o  predicted t h a t  hydrogen would remain on t h e  w a l l  
wi th  heat t ransfer ,  Others ( r e f s ,  7 and 8) believed t h a t  the t r a n s i t i o n  
from nucleate boi l ing  t o  fi lm boi l ing  should occur a t  a very low r a t e  of 
heat t ransfer  and t h a t  the vapor would remain on the  w a l l .  

Reference 2 predicted t h a t  f o r  a 

Several a n a l y t i c a l  and experimental attempts have been made t o  de- 
termine the  e f f e c t  of weightlessness on the hea t - t ransfer  mechanism. 
Some authors (e.g., ref .  9 )  proposed t h a t  i n  a normal grav i ty  f i e l d  t h e  
s t i r r i n g  ac t ion  caused by the  growth of bubbles is  the primary f a c t o r  
i n  the heat- t ransfer  mechanism. The reduction of g r a v i t y  i s  thus implied 
t o  have l i t t l e  e f f e c t  on the boi l ing  mechanism. 
ments w i t h  l i q u i d  nitrogen ( re f .  10) and l i q u i d  hydrogen ( re f .  11) in-  
dicated l i t t l e  o r  no change i n  the  nucleate boi l ing  curve (heat  f l u x  
plot ted against  temperature difference)  i n  a near-zero-gravity environ- 
ment. For t h e  l i q u i d  nitrogen data, however, t h e  burnout f l u x  d i d  de- 
crease with the  lower grav i ta t iona l  f i e l d .  
out flux w a s  approximately the  same as t h a t  obtained with water i n  r e f e r -  
ence 12 ,  where t h e  burnout f l u x  decreased with reductions i n  gravity.  
Pool boil ing experiments with Freon 114 using about 0.75 second of near 
weightlessness ( re f .  13) indicated t h a t  the  t r a n s i t i o n  from nucleate t o  
f i l m  boi l ing occurred a t  heat f luxes t h a t  permitted only nucleate boi l ing  
i n  a 1-g f i e l d .  
place with lower heat f luxes i n  a zero-gravity f i e l d .  

Recent bo i l ing  experi-  

The r e l a t i v e  change i n  burn- 

These d a t a  a l l  ind ica te  t h a t  f i l m  b o i l i n g  w i l l  take 

~ 
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Thus far, most zero-gravity experiments have been l imi ted  t o  1 o r  2 
seconds i n  drop towers and t o  approximately 10 t o  20 seconds i n  airplanes.  
This experiment i s  the  first i n  a se r i e s  of zero-gravity experiments 
being conducted with Aerobee sounding rockets that are capable of 
providing approximately 5 minutes of  zero gravity.  

The purpose of this experiment was t o  determine t h e  configuration 
of l i q u i d  hydrogen under conditions of weightlessness with heat  t r a n s f e r  
and t o  determine the  e f f e c t  of weightlessness on the  hea t - t ransfer  mecha- 
nism. 
t r a n s f e r  experiment, ( 2 )  the  Aerobee zero-gravity f a c i l i t y  and t h e  major 
payload instrumentation, (3 )  f l i g h t  t r a j e c t o r y  and near-zero-gravity en- 
vironment, (4 )  t h e  r e su l t i ng  f l u i d  motion during f l i g h t ,  and (5) the  heat  
t r a n s f e r  t o  t h e  f l u i d  and t h e  r e s u l t i n g  pressure rise. 

The scope of  t he  paper includes discussions of (1) the  heat-  

APPARATUS AIJD PROCEDURE 

Heat-Transfer Apparatus 

Two techniques were employed t o  s a t i s f y  the  object ive o f  being able  
t o  p red ic t  whether or  not t h e  w a l l s  of a hydrogen container  would be 
wetted with l i q u i d  during prolonged periods of weightlessness with heat  
flowing i n t o  the  container. 
contents of t he  hydrogen container through a window i n  t h e  container w a l l  
and ( 2 )  t o  design the  heat- t ransfer  aspects o f  t h e  experiment s o  that a 
simple measurement of temperature on the e x t e r i o r  w a l l  of t h e  hydrogen 
container  would permit a pos i t ive  indicat ion of t he  presence of l i q u i d  
on the  i n t e r i o r  of t he  w a l l .  
determine q u a l i t a t i v e l y  the  method by which heat  w a s  t ransported from the  
w a l l  of  a hydrogen container t o  the  weightless l i q u i d  hydrogen, This ob- 
j ec t ive  could be s a t i s f i e d  with (1) def in i t i ve  motion p ic tures  t o  show 
the  type of bo i l ing  and f l u i d  posi t ion and ( 2 )  instrumentation t o  ind ica t e  
t h e  thermal environment and heat-absorption rate at  t h e  ex te rna l  surface 
of t he  container. The shape of t he  hydrogen container w a s  chosen as a 
sphere t o  provide geometrical symmetry, and spec i f i c  e f f o r t s  were m a d e  
t o  eliminate,  wherever feasible ,  objects within t h e  container  t h a t  might 
have some e f f ec t  on the  weightless configuration of t h e  l i q u i d  hydrogen. 

These techniques were (1) t o  photograph the  

The second object ive of t h e  program w a s  t o  

The spher ica l  hydrogen tank, which had a low thermal d i f f u s i v i t y ,  
w a s  placed i n  a thermal environment where it w a s  intended t h a t  t h e  hea t  
be t r ans fe r r ed  t o  t h e  container almost e n t i r e l y  by radiat ion.  The appa- 
r a t u s  consis ted of a 9-inch-diameter, 0.010-inch-thick s t a i n l e s s - s t e e l  
hydrogen sphere contained i n  a l a r g e r  ll-inch-diameter, 0.032-inch-thick 
s t a i n l e s s - s t e e l  sphere ( f ig .  1) . 
i n  which l i q u i d  ni t rogen w a s  passed t o  maintain a sk in  temperature near 
140' R. A vacuum environment (about 0.01 micron) was  maintained between 
t h e  concentric spheres i n  order t o  reduce t h e  hea t  transfer due t o  gase- 
ous conduction. Suspended between the hydrogen sphere and the  outer  w a l l  

The o u t e r  sphere contained cooling c o i l s  



............... ....... 
0 .  0 .  O h  . 0 . .  0 . .  0 . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ........................ 

4 

w a s  a concentric, lo-inch-inside-diameter, 0,016-inch-thick copper heater  
t h a t  provided the predetermined rad ia t ion  environment f o r  the  experiment, 
The design value of heat- t ransfer  r a t e  t o  the  hydrogen sphere w a s  a nomi- 
n a l  160  Etu per hour per square foot, which corresponded t o  t h e  r a t e  of 
heat absorption by a t y p i c a l  bare cryogenic tank exposed t o  thermal r a d i -  
a t i o n  from the sun. 

Mounted on the  outer surface of t h e  hydrogen sphere were 18 platinum 
resis tance temperature transducers. The t h i n  w a l l  provided an e f f e c t i v e  
means of determining whether l i q u i d  o r  vapor w a s  adjacent t o  the  w a l l .  
With l i q u i d  on the inner w a l l ,  the  w a l l  would be near ly  a t  l i q u i d  temper- 
a t u r e .  When the w a l l  w a s  not l i q u i d  wetted the  temperature a t  t h a t  po- 
s i t i o n  would r i s e  abruptly because most of the  incoming heat would go in-  
t o  the  w a l l .  The response of the  transducers t o  s t e p  changes i n  heat-  
t r a n s f e r  r a t e  through the w a l l  w a s  an important f a c t o r  i n  permitt ing a 
deduction t o  be made concerning t h e  presence o r  absence of l i q u i d  hydro- 
gen on the hydrogen container inner surface a t  the  loca t ion  of each 
transducer ( see  appendix A )  , 

On the inner surface of the sphere w a s  mounted a l iqu id- leve l  i n -  
d ica tor ,  which consisted of a "ladder" with several  evenly spaced rungs. 
The amount of hydrogen i n  the sphere w a s  determined by d i r e c t  observation 
of t h i s  precal ibrated ladder p r i o r  t o  launch. The inner surface of t h e  
sphere had a 15-microinch surface f in i sh .  

In  order f o r  rad ia t ion  t o  be the primary mode of heat t r a n s f e r  t o  
the  hydrogen container, severa l  r e s t r i c t i o n s  were applied t o  the  design 
of so l id  conduction paths leading t o  the hydrogen sphere. Hydrogen 
f i l l i n g  and venting operations were accomplished through concentric 
s t a i n l e s s - s t e e l  tubes near the top  of the container ( s e e  f ig .  1). The 
tube outside diameters were 0.253 and 0.451 inch. Tube w a l l  thicknesses 
were 0,003 and 0,007 inch, respectively.  The hydrogen sphere w a s  sup- 
ported from t h e  nitrogen cooled outer  jacket  by a Kel-F r ing  having numer- 
ous cutouts t o  decrease i t s  heat conducting a b i l i t y .  The remaining s o l i d  
conduction path w a s  through the temperature transducer lead wires t h a t  
ran from the base of the  hydrogen sphere t o  a terminal p la te  bo l ted  t o  
the  nitrogen cooled s t r u c t u r a l  sphere, These 36 leads were each nylon 
c lad  insulated, O0005-inch-diameter, 5-inch-long copper wire, Calcu- 
l a t i o n s  estimating the magnitude of these heat  leaks and other  heat leaks 
a re  given i n  appendix A. 

Two sapphire windows were provided i n  t h e  hydrogen sphere ( f i g .  1). 
One window w a s  used t o  provide o p t i c a l  access t o  the i n t e r i o r  of the  
hydrogen sphere f o r  the movie camera system. The o ther  window furnished 
i l lumination f o r  the movies with a stroboscopic l i g h t  system, There w a s  
no so l id  heat conduction path between the  sphere windows and any com- 
ponent other than the hydrogen sphere. 
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The heater  w a s  supported from the ni t rogen cooled w a l l  wi th  1 2  in-  
1 su la ted  c l ips .  

inch copper sheet. 
t he  amount of  e l e c t r i c a l  energy supplied t o  it. This e l e c t r i c a l  energy 
w a s  d i ss ipa ted  i n  a res i s tance  element co i led  on and brazed t o  t h e  ex- 
t e r n a l  surface of each copper hemisphere. The res i s tance  elements w e r e  
ac tua l ly  Nichrome wire insu la ted  with aluminum oxide. This insu la ted  
wire w a s  inser ted  i n t o  a copper tube and the  assembly w a s  swaged. The 
ends were then hermetical ly  sealed t o  prevent outgassing during t h e  
experiment. 
surface o f  simulated hemispheres showed t h a t  t he  high thermal conduc- 
t i v i t y  of the  copper kept temperature gradients  below a f e w  degrees 
Fahrenheit. These small temperature gradients gave a uniform source o f  
thermal radiat ion.  
mounted on the  ex terna l  surface of each hemisphere. 

Each half  (hemisphere) of the  hea ter  w a s  spun from 0.016- 
The temperature of t he  heater  w a s  adjusted by varying 

Transient t e s t i n g  of t h e  temperature d i s t r i b u t i o n  over t h e  

Two platinum res i s tance  temperature transducers w e r e  

High emissivi ty  of t he  rad ia t ing  surfaces  ( the  inner  surface of t he  . heater  hemisphere and the  outer  surface of t he  hydrogen sphere) w a s  pro- 

s o r p t i v i t y  of t he  painted surf  aces were temperature dependent ( appendix 

vided by  paint ing them with f l a t  black pa in t  ( m i l i t a r y  spec., MIL-E- 
10687A-Black) approximately 0.0005 inch thick.  The emiss iv i ty  and ab- 

A).  
a tures .  

4 

They var ied from 0.47 a t  180° R t o  0.87 a t  500° R and higher temper- 

With t h i s  apparatus and the  l eve l  of hea t  f l u x  used, t he  heat  leak  
due t o  s o l i d  conduction paths amounted t o  l e s s  than 1 percent. The heat 
l eak  due t o  gaseous conduction i n  the  vacuum space w a s  a function of  
vacuum ( f i g .  2 ) .  The normalized gaseous conduction plus  r ad ia t ion  i s  
p lo t ted  against  indicated vacuum i n  microns. Gaseous hydrogen w a s  b led 
i n t o  t h e  vacuum space t o  vary the  vacuum because it would give the  
l a r g e s t  hea t - t ransfer  r a t e .  
t o  t he  square root  of  t he  molecular weight; see appendix A.) 
t he re  i s  considerable s c a t t e r  i n  the data, it can be concluded t h a t  gase- 
ous conduction w i l l  be negl ig ib le  f o r  vacuums l e s s  than 0.03 micron. 
Hence, with a vacuum of l e s s  than 0.03 micron, t he  hea t - t ransfer  r a t e  t o  
t h e  hydrogen sphere can be predicted by thermal r ad ia t ion  equations alone 
from a knowledge of only the  hea ter  and sphere temperatures (appendix A ) .  

(Gaseous conduction i s  inverse ly  proport ional  
Although 

Zero-Gravity F a c i l i t y  

The Aerobee 1 5 0 A  sounding rocket w a s  used t o  simulate a zero-gravity 
environment. Since the  Aerobee i s  spin s t ab i l i zed ,  a sp in-s tab i l ized  
platform w a s  necessary t o  maintain the payload a t  a zero-spin r a t e .  The 
rocket contained helium t h r u s t  nozzles, which were used t o  compensate f o r  
the  an t ic ipa ted  air  drag encountered immediately after sus ta iner  burnout 
and hence t o  extend the  zero-gravity period. With the  payload weight used 

. 
i (301 lb) ,  a zero-gravity period of approximately 280 seconds w a s  feasible .  
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The payload contained several  measuremeats t o  he lp  define the  zero- 
grav i ty  environment ( f i g .  3). 

tud ina l  ax is  having f u l l - s c a l e  readings of and *lom3 g and two ac- 
celerometers i n  t h e  l a t e r a l  axis (90° out of phase with each other)  with 
fu l l - sca le  readings of g. Magnetic aspect ind ica tors  were on board 
t o  give the  r e l a t i v e  posi t ion of the  payload and t o  a l s o  de tec t  whether 
the payload w a s  spinning with respect  t o  the l o c a l  l i n e s  of magnetic flux. 

There were two accelerometers i n  the longi- 

The apparatus w a s  instrumented t o  give heater  temperatures, sphere 
temperatures, sphere pressure, and vacuum. This da ta  and a l l  other  
rocket performance parameters were telemetered t o  receiving s t a t i o n s  a t  
Wallops Is land and Cape Canaveral. 

Procedure 

Several spec ia l  prelaunch cryogenic handling procedures and f l i g h t  
procedures were employed. 

The inner surfaces of the hydrogen sphere were cleaned by f lushing 
the sphere with l i q u i d  tr ichloroethane and then purging it with d r y  
helium gas,  The surfaces forming the  vacuum space were a l so  cleaned with 
l i q u i d  tr ichloroethane. Outgassing of the heaters  w a s  minimized by 
cycling the temperature of the heaters  between room temperature and 
200' F several  times while vacuum pumps were attached t o  the vacuum 
jacket,  
t u r e  u n t i l  j u s t  p r i o r  t o  the flowing of cryogenics t o  various p a r t s  of  
the sphere, A t  t h i s  t i m e  the  vacuum jacket  w a s  sealed and the vacuum 
pump was disconnected. 

Vacuum pumping w a s  continued with t h e  apparatus a t  room tempera- 

Cryogenic flow w a s  i n i t i a t e d  by forcing l i q u i d  nitrogen flow through 
the  cooling c o i l s  on the s t r u c t u r a l  w a l l s .  This flow of nitrogen w a s  
maintained u n t i l  the  i n s t a n t  a t  which the  apparatus w a s  launched. When 
the  cooling e f f e c t  of the  l i q u i d  nitrogen had g r e a t l y  reduced the temper- 
a t u r e  of the  i n t e r n a l  components, l i q u i d  hydrogen flow w a s  s ta r ted ,  When 
equilibrium temperature conditions were establ ished severa l  hours l a t e r ,  
the  l e v e l  of l i q u i d  hydrogen i n  the  container w a s  set and confirmed visu- 
a l l y .  A t  t h i s  time the hydrogen f i l l  l i n e  w a s  sealed. The hydrogen vent 
l i n e  was open t o  e s s e n t i a l l y  atmospheric pressure a t  a l l  times u n t i l  
launch. 

A t  2.3 hours before launch t h e  f i n a l  v i sua l  check of l i q u i d  hydrogen 
l e v e l  i n  the container w a s  made. A t  t h i s  time the  l i q u i d  hydrogen w a s  
observed t o  be a t  the s i x t h  rung from the t o p  of the ladder  used t o  de- 
t e c t  l iqu id  leve l .  This l e v e l  corresponded t o  a l i q u i d  volume of 30.3 
percent of the hydrogen sphere volume. 
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A t  launch the hydrogen vent w a s  automatically closed and the n i t r o -  
gen supply l i n e  w a s  automatically disconnected. 
a l l  instruments, and telemetry were activated. Forty seconds after 
launch the  camera and stroboscopic l i g h t  were put i n t o  operation. 
burnout t h e  helium t h r u s t  nozzles were turned on t o  counteract t h e  aero- 
dynamic drag. 
t o  the  copper rad ian t  heaters. 
camera and fi lm w a s  separated at  350 seconds. 

The despin mechanism, 

A t  

A t  95 seconds a f t e r  launch, e l e c t r i c  power w a s  supplied 
The recovery capsule containing t h e  

RESULTS AND DISCUSSION ’ 

Trajectory and Zero-Gravity Environment 

An Aerobee rocket with a symmetrically heated 9-inch spher ica l  Dewar 
containing about 22.5 percent by volume of l i q u i d  hydrogen w a s  launched 
from Wallops Island, Virginia, on February 5, 1961, The r e s u l t s  re -  
ported herein a r e  based on telemetered d a t a  received a t  Wallops Island 
from t h e  rocket. The recovery capsule, containing the  movie camera and 
film, w a s  separated a f t e r  350 seconds of f l i g h t  and w a s  parachuted i n t o  
the At lan t ic  Ocean. A i r  and surface c r a f t  were unsuccessful i n  re- 
t r i e v i n g  t h e  capsule. The t r a j e c t o r y  of the  Aerobee i s  shown i n  f igure  
4(a). 
n a u t i c a l  miles, 
a t  approximately 215 seconds. Telemetered magnetic aspect ind ica tor  
d a t a  ind ica te  that the  package remained r e l a t i v e l y  s t a b l e  throughout 
most of the  f l i g h t  ( f igs .  4(b) and (e) ) .  The package did not cone or 
ro ta te .  A t  approximately 330 seconds a turnover occurred, probably be- 
cause of aerodynamic drag. 

Sustainer burnout occurred at 53 seconds and an a l t i t u d e  of 19 
The m a x i m u m  a l t i t u d e  (apogee) of 81 miles w a s  reached 

The accelerat ions imposed upon the payload during f l i g h t  a r e  
The ordinate  ( n  = a/go) i s  i n  terms of a f r a c t i o n  shown i n  f igure  5. 

of t h e  normal grav i ta t iona l  acceleration. 
n i t i o n  of all symbols.) 

(n, 
ce lera t ions  a r e  approximately equivalent t o  those due t o  c a p i l l a r y  
phenomena ( re f .  1). Figure 5(a) shows t h e  longi tudinal  accelerat ions 
imposed upon t h e  sphere during f l igh t .  
payload w a s  subjected t o  r e l a t i v e l y  high accelerat ions (of the  order of 
10 g). 
(-6X10-3 g) because the aerodynamic drag forces  exceeded the t h r u s t  from 
the  helium t h r u s t  nozzles. From 56 t o  88 seconds t h e  accelerat ion w a s  
posi t ive,  because the helium t h r u s t  exceeded t h e  aerodynamic drag. From 

(See appendix B f o r  a d e f i -  
Also plot ted i n  these f igures  i s  the  l e v e l  

2 ast/pg0L ) at which the forces  resu l t ing  from t h e  i n e r t i a l  ac- 

Pr ior  t o  sus ta iner  burnout t h e  

J u s t  after burnout a negative accelerat ion w a s  experienced 
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8E3 seconds (af ter  the  helium t h r u s t  nozzles ceased t o  operate) t o  330 

seconds, the  accelerat ions i n  the  longi tudinal  a x i s  were e 1 0 - 4  g. Refer- 
ence 1 indica tes  t h a t  i n  order f o r  t he  c a p i l l a r y  phenomenon t o  become 
s ign i f i can t  n* should be <<4.7X1W4 g. I n  t h e  longi tudinal  ax is ,  t h i s  
requirement w a s  met from 88 t o  330 seconds. 

z 

Figure 5(b)  shows the  la te ra l  acce le ra t ion  h i s t o r y  during the  f l i g h t .  
Both l a t e ra l  accelerometer outputs var ied s inuso ida l ly  w i t h  an amplitude 
of +2X10" g and a frequency of 2.5 cps. 
w a s  based on an extrapolat ion of t he  s ine  curve. Also p lo t t ed  on t h i s  
f i gu re  i s  the  information from the  s o l a r  aspect i nd ica to r s  t h a t  were 
located on the  spinning Aerobee, The frequency of t he  accelerometer 
output was the  same as t h a t  of the  spinning Aerobee. It i s  thus con- 
cluded t h a t  t h e  s inusoidal  output of t he  l a te ra l  accelerometers w a s  t h e  
r e s u l t  of a s l i g h t  misalinement between t h e  rocket and the  sp in  stabi- 
l i z e d  platform axes. The accelerat ions given are those experienced 3 
inches from the cen te r l ine  of the  rocket. (The outermost w a l l  of t he  
sphere would experience accelerat ions 1.5 times as high as those shown 
i n  f i g .  5 (b ) ) .  These accelerat ions are about two orders of magnitude 
higher than n*, bu t  because of t h e  o s c i l l a t o r y  motion t h i s  type of  
accelerat ion might no t  have the  same e f f e c t  as a constant acce lera t ion .  

The estimate of t h e  amplitude 

Fluid Motion and F lu id  Configuration 

The motion of the f l u i d  during t h e  f l i g h t  can b e s t  be described 
w i t h  the  sphere temperatures ( f i g .  6). I n  f i g u r e  6(a)  the temperatures 
i n  degrees Rankine of transducers 15, 17 ,  12 ,  10, and 6 a re  shown against  
time a f t e r  launch i n  seconds. The loca t ion  of these  temperature t r ans -  
ducers on the  sphere i s  shown i n  t h e  accompanying sketch (and a l s o  i n  
appendix A ) .  
and 8) .  
appendix A,, Also p lo t t ed  i n  these  f igu res  i s  t h e  sa tu ra t ion  temperature 
of t he  hydrogen corresponding t o  the f l i g h t  sphere pressure. 
shows the heater  temperatures i n  degrees Rankine p lo t t ed  aga ins t  f l i g h t  
time. 
f l u i d  motion (ice., rocket sus t a ine r  burnout, time when heaters are 
turned on, and separa t ion) .  

Figure 6(b) gives the remaining transducers (2, 3, 4, 5, 
The temperatures shown have been adjusted as discussed i n  

Figure 7 

Several  s i g n i f i c a n t  events are a l s o  noted t o  help i n t e r p r e t  t h e  

In f igu re  6 t he  temperatures ind ica t e  t h a t  t h e  hydrogen remained i n  
the  bottom of the  container during boost with a temperature p r o f i l e  i n -  
creasing from t h e  bottom t o  the t o p  of the hydrogen sphere. The sphere 
contained about 22.5 percent l i q u i d  b y  volume a t  l i f t - o f f  . 

Soon a f t e r  burnout (53 sec) ,  t he  e n t i r e  sphere became l i q u i d  wetted. 
This i s  evident b y  t h e  sharp decrease i n  temperatures on f igu re  6(a). 
According t o  reference 1, the  t i m e  required t o  modify t h e  1-g configu- 
r a t i o n  t o  t h a t  which would p e r s i s t  i n  zero g r a v i t y  i s  approximately 4.6 

,- I 
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seconds f o r  t h i s  experiment. 
b l y  caused by a combination of the following factors :  (1) negative longi- 
t u d i n a l  accelerat ion (f ig .  5( a) ), ( 2) f l u i d  i n e r t i a ,  (3) system vibrat ions 
a t  sus ta iner  t h r u s t  termination, and ( 4 )  o s c i l l a t o r y  radial acceleration. 

The rapid wetting off  the w a l l s  w a s  proba- 

From 56 t o  88 seconds the  container w a s  subjected t o  a pos i t ive  g 
( f ig .  5(a))  and from the temperature h i s t o r i e s  it appears t h a t  the  w a l l s  
remained l i q u i d  wetted. The accelerations experienced a t  t h i s  t i m e  
(about g) were much l a r g e r  than n+ and t h e  l i q u i d  might be ex- 
pected t o  be pulled away from the upper half  of the sphere. However, 
motion p ic tures  taken during subsequent experiments indicate  f l u i d  c i r -  
cu la t ion  during t h i s  period and hence would inval idate  t h e  
terion. 

n, c r i -  

From 88 t o  216 seconds a l l  temperature transducers with t h e  excep- 
t i o n  of number 15 (see  sketch on f ig .  6 ( a ) )  indicated temperatures near 
the l i q u i d  temperature. A t  110 seconds number 15 began t o  increase i n  
temperature. This increase indicates  t h a t  vapor next t o  the  w a l l  caused 
a decrease i n  the rate of heat t ransfer  away from the  w a l l  and hence an 
increase i n  the amount of heat absorbed by the w a l l .  Then, a t  approxi- 
mately 140 seconds, the  w a l l  w a s  covered with l i q u i d  again. The reason 
f o r  t h i s  temporary drying of t h e  w a l l  i n  the v i c i n i t y  of transducer 15 
i s  not  known b u t  it indicates  some movement of the  f lu id .  The remaining 
w a l l  temperatures during t h e  period 88 t o  215 seconds tended t o  follow 
the  sa tura t ion  temperature determined from the  sphere pressure. Although 
there  i s  a +F? R accuracy i n  t h e  temperatures, it is  apparent t h a t  there  
i s  a d e f i n i t e  r e l a t i o n  between the saturat ion temperature and the w a l l  
temperature. 

A t  215 seconds the  tank w a l l  i n  the  v i c i n i t y  of temperature t rans-  
ducer 15 became covered with vapor, as indicated by the  r a p i d l y  r i s i n g  
temperature i n  f igure 6( a). Short ly  thereaf te r ,  transducers 17 ,  10, 6, 
and 1 2  indicated vapor on the  w a l l .  It i s  not known why the  drying of 
the w a l l  occurred. Several p o s s i b i l i t i e s  a r e  l i s t e d :  

(1) The t o p  of the  sphere may have been covered by a t h i n  l a y e r  of 
l i q u i d  that completely vaporized. 

( 2 )  Vapor may have been emitted from the  f i l l  or vent l i n e  and may 
have created a l o c a l l y  d r y  w a l l  which continued t o  grow i n  s i ze .  

(3) The fill neck provided a localized hot spot which may have in-  
i t i a t e d  the vapor f i l m .  

( 4 )  The formation of a vapor layer may have been a r e s u l t  of the 
bubbles not leaving t h e  w a l l .  
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Despite the cause of the vapor formation, once an a rea  of the  w a l l  dr ied,  
the drying process continued. 

A t  approximately 330 seconds the vehicle began t o  turn  over as in-  
dicated by the magnetic aspect da ta  ( f i g .  4) and the  accelerometer d a t a  
( f i g .  5). Sphere temperatures shown i n  f igure  6 a l s o  v e r i f y  t h i s  con- 
clusion. The bottom temperatures s t a r t e d  t o  increase sharply a t  about 
330 seconds (transducers 2, 3, 4, and 5) and the  upper temperatures ( t r a n s -  
ducers 15, 14, 1 2 ,  and 10) decreased rap id ly  s h o r t l y  thereaf te r .  The 
force imposed upon the  sphere during t h e  course of the  turnover w a s  less 
than g. The physical ro ta t ion  of the  sphere around the l iqu id ,  how- 
ever, appears t o  have caused the t r a n s l a t i o n  of the  f l u i d  with respect  t o  
the w a l l  r a t h e r  than the  g force t o  have caused t h e  l i q u i d  t o  leave 
the bottom and s t r i k e  the top, 

Heat Transfer 

Effect o f  reduced gravi ta t iona l  f i e l d  on heat t ransfer .  - The heat 
absorbed by the  hydrogen w a s  determined from heater  temperatures, sphere 
temperatures, emiss iv i t ies  of the  surfaces,  s o l i d  conduction heat leaks,  
vacuum, and so  f o r t h  as discussed i n  appendix A. 
tu res  ( f ig .  7) and the  sphere temperatures ( f i g .  6(a)) ,  the rad ian t  heat-  
t r a n s f e r  r a t e  t o  t h e  hydrogen container w a s  calculated.  The r a t e  of gas- 
eous conduction t o  the hydrogen container w a s  based on a vacuum of 0.04 
micron, which w a s  the  b e s t  estimate avai lable  i n  l i e u  of a c t u a l  f l i g h t  
measurement. 

With the heater  tempera- 

The resu l t s  of the heat- t ransfer  calculat ions a r e  given i n  f igure  8 
where the average r a t e  of heat absorption by the  hydrogen mixture i n  Btu 
per hour per square foot  i s  p lo t ted  against  time. 
absorption rate was calculated for each heater  hemisphere. The ar i thmetic  
average of these two values i s  p lo t ted  i n  f igure  8. 
r a t e  changes rap id ly  from 100 t o  200 seconds because of the increasing 
heater  temperatures, 
absorption rate l e v e l s  off a t  about 270 B t u  per hour per square foot.  
(The solar  f l u x  at the  e a r t h ' s  dis tance from the  sun i s  430 Btu / (hr ) (sq  
f t) .  ) 
seconds. This decrease i s  a r e s u l t  of the  increase i n  w a l l  temperature 
(caused by vapor adjacent t o  the w a l l )  and hence the absorption of a 
portion of the incoming heat f l u x  by the w a l l .  
the  r a t e  of  heat absorption by the hydrogen mixture correspondingly in-  
creased because of the heat absorbed when the  l i q u i d  passed over the  
r e l a t i v e l y  w a r m  w a l l  during the  turnover. 

An average heat-  

The heat-absorption 

For the remainder of the  experiment the  heat-  

A s l i g h t  decrease i n  heat-absorption r a t e  occurs a t  215 and 280 

Shor t ly  a f t e r  325 seconds 

The preceding calculat ions of hydrogen heat absorption r a t e s  
were made without t h e  necess i ty  of understanding the  mechanism( s) by 
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which th i s  heat w a s  t ransfer red  from the  w a l l  of t he  Dewar t o  the  hydro- 
gen. A t  t h i s  point  it i s  per t inent  t o  examine the  possible  modes of heat 
t r a n s f e r  t o  account f o r  these calculated heat-absorption rates. Since, i n  
a zero-gravi ty  f i e ld ,  f r ee  convection cur ren ts  and buoyancy forces  are no 
longer present,  heat  t r ans fe r  should take place by (1) thermal conduction 
through the  l iqu id ,  ( 2 )  thermal conduction through the  vapor, (3) radi- 
a t ion ,  (4) a process similar t o  boiling, or (5) a combination of these  
methods, For t h i s  experiment the  g s inusoida l  acce lera t ion  could 
have increased the  heat  t r a n s f e r  s l i g h t l y  i n  a bo i l ing  process by  helping 
remove vapor or could have caused some form of forced convection. There 
would be no e f f e c t  on conduction o r  radiation. 

H e a t  t r a n s f e r  through the  l i qu id  by conduction alone can be e l i m i -  
nated by  a simple ca lcu la t ion  of t he  temperature drop required t o  support 
t he  imposed heat f l u x  as shown i n  figure 9. The temperature gradients  
required f o r  conduction through various thicknesses  of vapor are a l so  
shown. The horizontal  l i n e  is  the  experimental hea t  f l u x  leve l .  The 
temperature gradients  necessary f o r  conduction of even r e l a t i v e l y  low 
heat  f luxes  through the  l i q u i d  soon require  a w a l l  temperature i n  excess 
of t h e  c r i t i c a l  temperature ( t h e  highest  temperature a t  which the  l i q u i d  
can ex is t ) .  
very s m a l l  thicknesses of vapor (< 0.001 in,)  and r e l a t i v e l y  s m a l l  temper- 
a t u r e  drops. 

Conduction through a vapor layer, however, i s  possible  f o r  

H e a t  t r a n s f e r  by thermal rad ia t ion  from the  inner  w a l l  i s  small be- 
cause of the  l o w  w a l l  temperatures. For example, t he  m a x i m u m  amount of 

hea t  due t o  rad ia t ion  from a ZOOo R w a l l  t h a t  could be absorbed by t h e  
hydrogen i s  2.74 Btu per hour per square foot ,  which i s  much lower than 
the  270 Btu per hour per square foot  leve l .  

Heat t r a n s f e r  by a process similar t o  bo i l ing  could provide t h e  rela- 
t i v e l y  high heat  fluxes. 
periment very c lose ly  approached t h e  lower level of 1-g nucleate bo i l ing  
curves given i n  references 1 4  t o  16. 
The temperature differences A!T given are between the heating surface 
and the  bulk of t he  l iqu id ,  
mate heat- t ransfer  rate used i n  the experiment (270  Btu/(hr)  ( s q  f t ) )  . 
Apparently nucleate bo i l ing  does e x i s t  f o r  t h e  heat-f lux l e v e l s  used. 

The heat-flux l e v e l  experienced during t h i s  ex- 

These d a t a  are p lo t t ed  on f i g u r e  10. 

The horizontal  l i n e  represents  the approxi- 

Curves 1 and 4 on f igure  10 show t h e  e f f e c t  of increasing pressure 
on the  AT required f o r  nucleate boiling. For t h e  heat  f l u x  used i n  
t h i s  experiment, it appears that t h e  AT 
s ince the  pressure i n  the  experiment ranged from 1 t o  10 atmospheres. 
From t h e  recorded w a l l  temperatures it w a s  not possible  t o  determine a 
1' R temperature difference because of the  +Z0 R accuracy; however, an 
est imate  of AT can be made as indicated i n  f igu re  11, The sa tu ra t ion  
temperature i s  compared with t h e  calculated bulk temperature, which i s  

i s  of t he  order of lo R or less 
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* the  temperature the f l u i d  would assume i f  a l l  the heat absorbed were d i s -  
t r i b u t e d  uniformly throughout the hydrogen mixture. (The uniform mixture 
calculat ion gave exce l len t  agreement wi th  t h e  r e s u l t s  of experimental 
ground t e s t s  as shown i n  appendix A,) 
represents an upper l i m i t  of the a c t u a l  bulk temperature of the l iquid.  
The saturat ion temperature represents the  lower l i m i t  of the w a l l  temper- 
a ture  because the inner w a l l  has t o  be a t  l e a s t  as high as the  sa tura t ion  
temperature i n  order f o r  bubbles t o  form. From f igure  11, the  tempera- 
t u r e  difference between the two curves increases with time and i s  of the  
order of Oo R a t  200 seconds and 3' R a t  330 seconds. Although t h i s  i s  
an estimate o f  AT, it i s  apparent t h a t  it i s  of the  same order of magni- 
tude as the 1-g boi l ing  da ta  given i n  f igure  10. Recent experiments with 
l i q u i d  nitrogen (ref. 10) and l i q u i d  hydrogen ( r e f .  11) indicate  l i t t l e  
or no s h i f t  i n  the  nucleate boi l ing  curve with reductions i n  gravity.  

The calculated bulk temperature 

M 
I 
P cn 
W 
r\) 

The presence of the  s m a l l  s inusoidal  force due t o  misalinement of 
t h e  spin-s tabi l ized platform raises t h e  question as t o  whether forced 
convection could have supported t h e  r e l a t i v e l y  high heat fluxes. An 
estimate of the  ve loc i ty  of the  f l u i d  r e l a t i v e  t o  t h e  inner w a l l  r e -  
quired t o  t ranspor t  270  B t u  per hour per square foot  yielded about 5.7 
f e e t  per second (appendix A ) .  Motion p ic tures  from recent f l i g h t s  in -  
d i c a t e  t h a t  there  w a s  very l i t t l e  motion due t o  the s inusoidal  forces  
(<<5,7 f t / sec)  Hence, convection alone could not have accounted f o r  
the  high heat fluxes. 
gen sphere (f ig .  6 (a) )  a l s o  indicated t h a t  the r e l a t i v e  motion of the 
l i q u i d  was not s u f f i c i e n t  t o  keep the w a l l s  wet. 
because of t h i s  force, it would f i r s t  occur a t  the axis of r o t a t i o n  and 
hence give two d r y  areas diametr ical ly  opposite each o ther . )  

The drying off  of the  upper portion of the  hydro- 

( I f  drying had occurred 

From these considerations it can be concluded t h a t  vapor must be 
formed on the inner tank w a l l  (with t h e  heat  f l u x  used) e i t h e r  i n  the 
form of a t h i n  layer  or i n  the form of bubbles as i n  nucleate boi l ing.  
For stat ic-pressure equilibrium t h e  temperature of any liquid-vapor i n t e r -  
face i n  the system would have t o  be t h a t  of the sa tura t ion  temperature. 
Thus the l a y e r  of l i q u i d  adjacent t o  t h e  w a l l  would be bounded by tem- 
peratures at least as high as the sa tura t ion  temperature. 
bulk temperature i s  lower than the sa tura t ion  temperature, 
cause of this temperature gradienf i s  not known. Three possible expla- 
nations are (1) the  movement of a bubble from the w a l l  t o  the  in te r face  
could t ransport  heat, ( 2 )  the formation of a bubble displaces  a given 
volume and hence compresses the remaining f l u i d  and causes condensation 
t o  take place a t  the  liquid-vapor interface,  and (3)  the  v io len t  bo i l ing  
a t  the periphery of the drying area  might e j e c t  warm l i q u i d  drople t s  (as 
water on a hot s k i l l e t )  t h a t  would s t r i k e  the i n t e r f a c e  and warm it, or 
vapor formed i n  t h i s  area could recondense on the  cooler  in te r face  and 
hence warm it. 

The calculated 
The exact  
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Another r e s u l t  apparent from f i g u r e  6(a)  i s  t h a t  despi te  t h e  r e l a -  
t i v e l y  high w a l l  temp&atures of the-vapor.covered w a l l ,  the  w a l l  a rea  
t h a t  w a s  covered with l i q u i d  w a s  a t  a temperature c lose t o  t h a t  of the  
sa tura t ion  temperature. 

Ef fec t  of reduced gravi ta t iona l  f i e l d  on pressure rise. - An i m -  
portant consideration f o r  the design of cryogenic systems f o r  space 
f l i g h t  i s  an adequate knowledge of the thermodynamic s t a t e  of the  f lu id .  
This can be best demonstrated f o r  t h i s  experiment by r e f e r r i n g  t o  f igures  
1 2  and 13. I n  f igure  1 2  the  a c t u a l  pressure during f l i g h t  i s  compared 
with t h e  pressure t h a t  would be obtained if a l l  the heat went i n t o  
r a i s i n g  t h e  bulk temperature of the  f l u i d  (i.e.,  uniform f l u i d  tempera- 
t u r e  throughout). The pressures do n o t  increase s i g n i f i c a n t l y  u n t i l  the  
heater  reaches near f u l l  temperature a t  180 seconds. The homogeneous 
(uniform temperature) pressure r ise w a s  calculated from the  heat input 
and a knowledge of t h e  amount of l iqu id  i n  the  sphere (see appendix A ) .  
It i s  apparent from f igure  12 that  the homogeneous pressure i s  somewhat 
lower than t h a t  measured during f l igh t .  

In  f i g u r e  13 the measured pressure and homogeneous pressure for 
th ree  d i f f e r e n t  f i l l i n g s  are shown against  the  t o t a l  amount of heat  ab- 
sorbed. This f igure  presents a more representat ive p ic ture  of the  pres- 
sure d i f fe rence  s ince the pressure depends upon the  amount of heat  ab- 
sorbed f o r  the homogeneous case and hence would be expected t o  be a 
primary f a c t o r  i n  the a c t u a l  pressure rise. From t h e  f i g u r e  it i s  ap- 
parent t h a t  t h e  measured pressure deviates considerably from t h e  calcu- 
l a t e d  pressure f o r  the  22.5 percent f i l l i n g ,  
inch absolute  it appears as if the  14.2 percent f i l l i n g  c lose ly  approxi- 
mates the pressure r i se .  Beyond 100 pounds per square inch absolute 
the  pressure continuously deviates  from t h i s  f i l l i n g  and crosses the  7.3 
percent f i l l i n g  l i n e  a t  140 pounds per square inch absolute. The devia- 
t i o n  of t h e  measured pressure from the calculated pressure f o r  the  22.5 
percent f i l l i n g  indicates  that t h e  heat w a s  not  d i s t r i b u t e d  uniformly 
throughout the mixture and t h a t  a phenomenon similar t o  s t r a t i f i c a t i o n  
took place. 

Up t o  100 pounds per square 

Several  invest igat ions ( re fs .  1 7  and 18) have been m a d e  of this so- 
ca l led  s t r a t i f i c a t i o n  phenomenon of cryogenic f l u i d s  i n  closed containers 
i n  a normal grav i ty  f i e l d .  They observed t h a t  f o r  a given heat  input the  
corresponding pressure l e v e l  i s  always higher than t h a t  of a uniformly 
mixed f lu id .  
l i q u i d  bui lds  up at the  liquid-vapor in te r face  ( r e f .  19)  because of 
dens i ty  gradients,  low thermal conductivity of l i q u i d  hydrogen, and t h e  
method of heat  input. The bulk of the f l u i d  i s  usua l ly  at  some lower 
temperature but  the  pressure i n  the system i s  determined by t h e  tempera- 
t u r e  of the  interface.  Once a s t r a t i f i e d  l i q u i d  i s  dis turbed and the  
l i q u i d  i s  mixed a pressure drop resu l t s ,  Although g r a v i t y  helps t o  sup- 
por t  s t r a t i f i c a t i o n  (ref .  19), t h i s  nonequilibrium condition may a l s o  
ex is t  i n  a near-zero- or zero-gravity environment. 

T h i s  higher pressure r e s u l t s  because a thin,  warm l a y e r  of 
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A convenient representat ion of the  e f f e c t  of s t r a t i f i c a t i o n  i s  shown 
i n  f igure 14. The d i f fe rence  between the  ac tua l  pressure and the  calcu- 
l a t e d  homogeneous pressure i s  p lo t ted  aga ins t  t he  t o t a l  heat  input  per 
u n i t  area. The pressure d i f fe rence  increases  with increasing heat input.  
This nonequilibrium mixture could be of concern t o  tank designers. For 
example, i f  a hydrogen tank were continuously vented t o  maintain a given 
pressure and small rockets were f i r e d  t o  c o l l e c t  the  l i q u i d  f o r  r e s t a r t  
(and hence t o  mix the  f l u i d ) ,  t he  r e su l t i ng  pressure or net  pos i t ive  
suct ion head might be lower than t h a t  an t ic ipa ted ,  Although there  i s  a 
d e f i n i t e  deviat ion of the  measured pressure from the  ca lcu la ted  pressure 
f o r  t h i s  experiment, it i s  not present ly  known how t o  sca le  the  r e s u l t s  
t o  la rger  s ized tanks. 

CONCLUDING REMARKS 

A near-zero-gravity liquid-hydrogen hea t - t ransfer  experiment w a s  
conducted f o r  a period of about 4 minutes i n  an Aerobee 150A rocket. 
The primary object ives  of the  experiment were (1) t o  determine the  f l u i d  
configuration under conditions of weightlessness with heat  t r a n s f e r  i n t o  
the hydrogen and ( 2 )  t o  determine the  hea t - t ransfer  mechanism between a 
container w a l l  and f l u i d  i n  a weightless environment. 

A heat f l u x  of 270 B t u  per hour per square foot  w a s  imposed upon a 
9-inch-diameter sphere 22.5 percent f u l l  of l i q u i d  hydrogen. 
s inusoidal  acce lera t ion  due t o  spin- table  misalinement w a s  imposed upon 
the  sphere throughout the  f l i g h t .  The l i q u i d  hydrogen completely wetted 
the  container w a l l  f o r  approximately one-half of t he  f l i g h t .  Near the  
apogee ( a t  215 sec)  t h e  upper port ion of t he  container s t a r t e d  t o  show 
vapor on t h e  w a l l s .  This vapor pocket continued t o  grow during t h e  r e -  
mainder o f  t he  f l i g h t ,  eventual ly  covering about one-half of t he  sphere 
areao Although it i s  not known how the  vapor formation s t a r t ed ,  once 
the  w a l l  became p a r t i a l l y  d ry  it continued t o  d r y  with the  heat  f l u x  
used ( 2 7 0  Btu / (  h r )  ( sq  f t )  ) . 

A lom2 g 

Whenever the  w a l l s  were wetted with l i q u i d  the  w a l l  temperatures 
were near t h e  sa tu ra t ion  temperature determined by t h e  sphere pressure. 
This condition pers i s ted  even when an a rea  of  t h e  w a l l  w a s  vapor wetted 
( p a r t i a l l y  dry) and a t  temperatures near 200° R, 

Despite t he  + 2 O  R accuracy i n  the  w a l l  temperature measurement, it 
can be said t h a t  t he re  i s  a d e f i n i t e  r e l a t i o n  between the  measured w a l l  
temperatures and the  sa tu ra t ion  temperature determined from the  sphere 
pressure. The two temperatures appear t o  be approximately t h e  same with- 
i n  the  indicated accuracy. An es t imate  of t he  bulk temperature o f  the  
f l u i d  was made by assuming t h a t  a l l  t he  heat  absorbed w a s  uniformly d i s -  
t r i bu ted  throughout t he  hydrogen mixture. This es t imate  d i f f e r e d  from 
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the  sa tura t ion  temperature by about 0' t o  3' R, which i s  roughly the  
same order of temperature difference required f o r  nucleate boi l ing  of 
hydrogen i n  a normal g r a v i t y  f i e l d ,  for  t h e  heat f lux used. 
of t h e  heat- t ransfer  mechanisms indicated that a process similar t o  
nucleate boi l ing  would be required t o  t r a n s f e r  the  given amount of heat. 

Inspection 

The f a c t  t h a t  t h e  sphere pressure during the  near-zero-gravity 
period w a s  considerably higher than the calculated homogeneous pressure 
indicated t h a t  some degree of s t r a t i f i c a t i o n  took place. 
between the measured pressure and homogeneous pressure increased with 
increasing t o t a l  heat absorption b y  the hydrogen mixture, 
tankage designed on the  b a s i s  of uniform mixing could be inadequate 
i n  zero-gravity conditions because of t h i s  difference.  Also, venting 
and pressurizat ion requirements could be ser ious ly  affected. 

The difference 

Light-weight 

Although a 10'' g s inusoidal  l a t e r a l  accelerat ion w a s  imposed upon 
the  container throughout t h e  f l i g h t  the following s t i l l  occurred: 
t h e  w a l l s  continued t o  "dry off" once a vapor wetted area w a s  i n i t i a t e d  
and ( 2 )  t h e  pressure continued t o  increase over t h e  calculated homogene- 
ous pressure. It i s  not  known exactly what e f f e c t  the  s l i g h t  g forces  
had on the  configuration and heat t ransfer ,  bu t  from the r e s u l t s  of sub- 
sequent t e s t s  it i s  apparent t h a t  t h i s  o s c i l l a t o r y  motion played a s m a l l  
r o l e  on t h e  broad r e s u l t s .  

(1) 

L e w i s  Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, February 28, 1962 
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APPENDIX A 

* I  

Y 

HEAT-TRANSFER ANALYSIS AND INSTRUMENTATION 

Temperature Instrumentat ion 

The temperature transducers used on t h e  hydrogen sphere and t h e  
heater  consisted of small platinum res i s t ance  elements t h a t  gave r e -  
s i s tances  of approximately 2000 ohms a t  37' R and 5000 ohms at  room temper- 
a t u r e .  The platinum res i s t ance  element w a s  painted on a wafer of alumi- N 

F 
P 
UI 
cc) 

num oxide approximately 0.25 inch square b y  0.006 inch thick.  The alumi- 
num oxide surface w a s  cemented t o  t h e  0.010-inch sphere w a l l  and then I 

covered by a 0.5- by  0.5-inch s t a i n l e s s - s t e e l  r ad ia t ion  sh ie ld  0.003 inch 
thick.  Mica w a s  used t o  in su la t e  t he  element from a l l  metal contacts.  

The response of a t y p i c a l  element mounted on the  0.010-inch w a l l  
compared with that  of a thermocouple i s  shown i n  f igu re  15. Here it i s  
assumed t h a t  the  thermocouple gives the  a c t u a l  w a l l  temperature. These 
r e s u l t s  were determined by  plunging the  thermocouple and platinum re-  
s i s t ance  element (both  mounted on a piece of 0.010-in. AM350 w a l l )  i n t o  
bo i l ing  l i qu id  hydrogen. The slow response f o r  t h e  f i r s t  0.5 second i s  
due t o  the nature of t h e  t e s t i n g  conditions and should be disregarded. 
It i s  apparent t h a t  t he  platinum element (from 0.5 sec on) lags t h e  
thermocouple response b y  about 0.5 second. Good agreement i s  a l s o  ob- 
t a ined  when t h e  0,010-inch w a l l  i s  extracted from bo i l ing  l i q u i d  hydro- 
gen and exposed t o  a r e l a t i v e l y  higher heat f l u x  as shown i n  f i g u r e  16. 
The poor thermal conductivity of t h e  vapor decreases t h e  hea t  t r a n s f e r  
away from the  w a l l ,  causes the  w a l l  t o  absorb more heat, and hence i n -  
c reases  the w a l l  temperature. 

The loca t ions  of t h e  temperature transducers on the  hydrogen sphere 
I n  f igu re  17(a) ,  t he  transducers f o r  the are as indicated i n  f igure  17. 

lower half of t h e  sphere a r e  shown and i n  17(b) ,  those f o r  t he  upper half. 
The Kel -F  r i n g  on the  sphere equator i s  v i s i b l e  i n  both f igures .  (The 
number indicated f o r  each platinum res i s t ance  element i s  used throughout 
t he  report . )  Transducer number 1 (f ig .  1 7 ( a ) )  i s  1 inch from t h e  tube 
used t o  thread through a l l  the  lead w i r e s .  Numbers 2, 3, 4, and 5 a re  
3.5 inches from the  sphere equator (measured along the  curved sur face)  
and are positioned 90' apart .  
sphere equator ( a l s o  measured along t h e  curved sur face)  and are 90' apart .  
The r e l a t i v e  loca t ions  of a l l  t he  transducers a r e  indicated i n  f igu re  
17 (c ) .  The transducers f o r  t he  upper half  follow t h e  same pa t t e rn  as 
f o r  t h e  lower ha l f .  Number 18 i s  a l s o  1 inch from the  f i l l  and vent 
neck. 
temperature measurements. Of t h e  18 transducers, f l i g h t  measurements 
were obtained from 2, 3, 4, 6, 8, 10, 1 2 ,  15, and 17. 

Numbers 6, 7, 8, and 9 are 1 inch from t h e  

The pa t t e rn  used w a s  an attempt t o  d i s t r i b u t e  evenly a l l  t h e  
9 '  

c 
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The amount of heat  absorbed by the contained hydrogen i s  equal t o  
the  heat t r ans fe r r ed  t o  the sphere by radiat ion,  s o l i d  conduction, and 
gaseous conduction less the  amount of heat  s tored i n  t h e  container it- 
self, This heat  i s  given by 

The heat t r ans fe r r ed  by thermal rad ia t ion  between two concentric spheres 
i s  a function of t he  boundary temperatures, emiss iv i t ies ,  and diameters 
and i s  given by reference 19 as 

u(Tt - T:) 
a - 

This equation assumes t h a t  both surfaces a re  gray, which introduces lit- 
t l e  e r r o r  i n  the  calculat ions.  It a l s o  assumes t h a t  t he  r e f l ec t ions  a re  
d i f fuse  r a t h e r  than specular and t h a t  both surfaces  have uniform tempera- 
tu res .  
f l a t  black surfaces  used. 
temperature of each heater  hemisphere w a s  considered individually.  For 

Diffuse r e f l ec t ions  are highly probable because of the  painted 
In  ca lcu la t ing  the  rad ian t  heat  t ransfer ,  t he  

the 
TS 

as 

high hea ter  temperatures used, t he  ca lcu la t ion  w a s  insens i t ive  t o  
because of the  fourth-power difference.  

The hea t  t ransfer red  by s o l i d  conduction i s  given by 

The heat t r ans fe r r ed  by  gaseous conduction i s  given by reference 19  

where K i s  a numerical constant t h a t  depends on t h e  u n i t s  used. 
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The heat absorbed by the container w a l l  i s  a function of the s p e c i f i c  
heat, the weight of t h e  container, and t h e  temperature change and i s  given 
by 

I n  order t o  simplify the heat- t ransfer  calculat ions,  the s o l i d  sup- 
port  conduction and gaseous conduction were designed t o  be negl ig ib le  i n  
comparison with the heat t ransfer red  by radiat ion.  
of heat t r a n s f e r  a t  a minimum, r e l a t i v e  t o  the  radiant  heat t ransfer ,  the  
t o t a l  heat t ransfer red  t o  the hydrogen can be reasonably determined with 
only the heater temperatures and sphere temperatures. 

With these two sources 

Surface Emissivity and Radiant Heat Transfer 

The emissivi ty  of the  two surfaces involved i n  the  rad ia t ion  ex- 
change w a s  temperature dependent ( f i g .  18) .  

The absorp t iv i ty  of the hydrogen sphere w a s  the same as the  emis- 
s i v i t y  of the warmer heater. When equal values f o r  the  absorp t iv i ty  and 
the emissivi ty  were used t o  ca lcu la te  the  pressure r i s e  i n  a ground t e s t ,  
the calculated pressure w a s  i n  good agreement with the  pressure measured 
( see  section Pressure Rise Calculations). The heat- t ransfer  r a t e  due t o  
rad ia t ion  from the heater during f l i g h t  i s  shown i n  f igure  19.  Also shown 
are  the contributions of the heat leaks. 

Calculation of Heat Leaks 

Solid conduction. - The s o l i d  conduction paths t o  t h e  hydrogen 
sphere consisted of the temperature instrumentation leads,  the  f i l l  and 
the vent tubes, and the  Kel-F support r i n g  on the sphere equator ( see  
fig.  1), 

The instrumentation leads consisted of 0.005-inch-diameter nylon in-  
sulated copper wire. Each lead w i r e  (a  t o t a l  of 36 wires f o r  18 tempera- 
t u r e  elements) w a s  bonded t o  the  sphere surface, l e d  down t o  the bottom 
of the sphere, and terminated at a Fus i te  f i t t i n g  i n  the nitrogen cooling 
jacket. 
sphere and the  nitrogen cooling jacket.  
during simulated p r e f l i g h t  conditions indicated t h a t  the temperature of 
the  Fusite f i t t i n g  TF w a s  170° R. Therefore, the heat conducted through 
the wires i s  given by equation (A3)  as 

Approximately 5.5 inches of lead wire connected t h e  hydrogen 
Skin temperature measurements 

kCu(170 - Ts),  Btu/hr 
. ALN 7 &z = 1- kCu (TF - Ts) = 8.93~10'  

4 
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where 

( 1 7 0  + Ts)/2. 
17 and a sphere temperature 
perature  transducers numbers 2, 3, 4, and 5 ( see  fig. 6 (b ) ) ,  t he  heat  
l eak  w a s  calculated f o r  t he  f l i gh t .  
i n  f igu re  19. 

kCu ((Btu) ( in ,  ) /(hr) (sq f t )  ( O R ) )  is  a function of T = 
avg 

By use of values of thermal conduct ivi ty  from reference 

Ts equivalent t o  an average given by tem- 

This heat  leak  and others  a re  given 

The conduction paths f o r  t he  f i l l  and the  vent tubes consis ted of a 
4-inch-long, 0,253-inch-outside-diameter tube with a 0,003-inch w a l l  and 
a 1.1-inch-long, 0.451-inch-outside-diameter tube with a 0.007-inch w a l l .  
The boundary temperatures f o r  t h e  f i l l  tube are assumed t o  be 500° R 
(from t h e  skin-temperature measurement) and a temperature corresponding 
t o  t h e  average of temperature transducers 15  and 17 ,  
170° R w a s  used f o r  one boundary and an average of 15 and 1 7  f o r  t h e  
other. 
given by  

For t h e  vent tube, 

Using equation (A3), t h e  heat leak  through the  f i l l - v e n t  tube i s  

&f-v = 4.09X10'6 kss.OO - T15 + T17 ) 
+ 6.16x10-5 k,, 2 , Btu/hr 

k 7 0  - T15 + '9 
where k,, 
/(h) ( s q  f t )  ( O R ) )  ( r e f .  19) a t  an average temperature of 

is  t h e  thermal conductivity of s t a i n l e s s  s t e e l  ( (Btu) ( in .  ) 

f o r  t he  f i l l  tube and 

T15 -k T17 
4 Tavg = 85 + 

f o r  the  vent tube, 

L 

7 



20 

The conduction through the equator support r i n g  i s  d i f f i c u l t  t o  
determine because of the shape of the conduction path as shown i n  the  
sketch. Hence, conservative assumptions were made i n  order t o  maximize 

n i t r  

$ 0.1 
>ogen cool 

.2" 

4 

d 

i n  physi 
l i q u i d  
_ed w a l l  

c a1 

Hydrogen sphere w a l l L  

the  heat leak. There a r e  a t o t a l  of e ight  support members of the  type 
shown. A n  e f fec t ive  width of  the  conduction path i s  obtained by dividing 
the  area of the  rectangle,  indicated by the  dashed l i n e ,  l e s s  the  a rea  of 
a 0.22-inch-radius c i r c l e  by the length of 0.44 inch, which yields  0.275 
inch. 
inch, 
a t u r e  of the  sphere i n  the a rea  of the  equator, which i s  obtained by 
averaging the temperatures from transducers 6, 10, and 12. By use of 
equation (A3) ,  t h e  heat conducted through the  support r i n g  i s  

The thickness of the Kel-F through the  supporting member i s  0.12 
The boundary temperatures are assumed t o  be 190' R and t h e  temper- 

T6 -k T 1 O  -k Qsr = 2,085X10-3 ksr (190 - 
3 

where k,, 
temperatures between 190' and 37' R. 

i s  assumed t o  be 1.53 ( B t u ) ( i n . ) / ( h r ) ( s q  ft)(OR) f o r  a l l  

4 

Radiation. - The heat leaks due t o  rad ia t ion  a r i s e  from the  cutouts 
i n  the heater  f o r  the camera port ,  the  l i g h t  source port ,  the  f i l l  and # 

t h e  vent tubes, t h e  support ring, and t h e  tube through which a l l  the  tem- 
perature instrumentation w i r e s  are threaded. Actually, the  cutouts a r e  
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areas where t h e  heat f l u x  i s  much l e s s  than the design flux, bu t  they 
mus t  be considered because the  radiant  hea t  t r a n s f e r  t o  t h e  hydrogen 
sphere is  defined as 

An approximation of the heat  leak due t o  rad ia t ion  from the  camera 
por t  can be obtained with t h e  following equation f o r  f l a t  p l a t e s  ( r e f ,  
19) : 

For s impl i c i ty  the  emiss iv i ty  of both surfaces  involved are assumed t o  
be equal j  t h i s  assumption gives a conservative estimate of heat leaks,  
The r ad ia t ing  temperature T, 
spect ively,  Using t h e  above equation and the  proper area, t h e  heat-leak 
rate can be expressed as 

and emissivity are 540’ R and 0.9, re- 

The heat-leak rate due t o  t he  l i g h t  source (see f ig .  19) w a s  found 
t o  be negligible.  
bo i lof f  r a t e  caused by turning on t h e  l i g h t  under conditions simulating 
f l i g h t .  

This r a t e  w a s  obtained by recording the  change i n  

The heat-leak rates due t o  t h e  other cutouts  were approximated with 
the  following equation I 

The f i r s t  term i s  a s implif icat ion of t he  f l a t - p l a t e  equation ( a l l  
emiss iv i t ies  equal) and represents  the hea t - t ransfer  r a t e  t o  t h e  hydrogen 
sphere caused by r ad ia t ion  from the  outer wall (ni t rogen cooling s h e l l )  . 
The second term i s  an approximation of the  r ad ia t ion  t h a t  o r ig ina t e s  from 
the  outer  heater  surface and i s  re f lec ted  off  t he  outer  w a l l  toward the  
exposed hydrogen tank ( i n  t h e  a rea  of the  cu tout ) .  The emiss iv i ty  of t h e  
r e l a t i v e l y  shiny cooling jacke t  wal l  ew was assumed t o  be 0.37. The 
emiss iv i ty  of the  outer  surface of the copper heater,  which w a s  polished, 
w a s  assumed t o  be 0.05, t h e  value lying between that of mechanically 
polished copper and scraped copper ( ref .  19) .  
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By u s e  of the preceding assumptions and the proper temperatures, 
the heat-leak r a t e s  due t o  the various cutouts a r e  given by the  following 
e quat i ons : 

Fil l -vent  tube cutout: 

Equator cutout: 

i 

T 
P cn co 
N 

4 4 

b,,, = 2,179X10-11 T6 + T1O 3 + + 3,022X10-12 EhT;, Btu/hr 

Instrumentation lead tube cutout: 

Gaseous conduction. - The hea t - t ransfer  r a t e  due t o  gaseous con- 
duction i s  given by equation (A4)  as  

kgc = 0.5733 A, (Th - Ts) , Btu/hr 

The accommodation coef f ic ien t  i s  a function of t h e  res idua l  gas and 
the surface temperature, 
res idual  gas i s  hydrogen and t h a t  the var ia t ion  of the  accomodation co- 
e f f i c i e n t  with surface temperature i s  t h a t  given by reference 19. 
temperature of the gas a t  the  vacuum gage i s  assumed t o  be 540' R. 
Even i f  TG were 140' R (about the  lowest temperature possible i n  t h i s  
experiment), the  gaseous conduction would be only about twice as la rge  
as t h a t  shown i n  f igure  18. The specif ic-heat  r a t i o  a l s o  var ies  with 
temperature and i s  taken i n t o  account. 

For t h i s  calculat ion,  it i s  assumed t h a t  the  

The 
TG 

The contributions of all the  heat  leaks discussed a r e  shown i n  
f igure 19. 
i s  a l so  shown, 
l e a s t  two orders of magnitude l e s s  than the  rad ian t  heat  t ransfer ,  
heat-transfer r a t e  i n t o  the contained hydrogen mass i s  given by t h e  

The rad ian t  heat  t ransfer red  from the  hea ter  t o  the sphere 
It i s  apparent t h a t  t h e  sum of a l l  the  heat leaks i s  a t  

The 
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dashed l ine .  "his rate takes  i n t o  account a l l  heat leaks and the heat  
s tored i n  the  container w a l l .  

Hydrogen Mass During F l i g h t  

The amount of l i q u i d  hydrogen i n  the  sphere w a s  determined by ob- 
serving where t h e  l i q u i d  l e v e l  w a s  with respect  t o  a precal ibrated 
ladder  ( see  f ig .  1). 
w a s  made 2 hours and 18 minutes before launch. 
contained 30.3 percent l i q u i d  by volume ( p  = 30.3). 
mine the  amount of l i q u i d  l e f t  a t  launch, the  l i q u i d  l o s t  because of 
bo i lof f  during t h i s  period must be known. Heat-leak d a t a  f o r  the f l i g h t  
model experiment a re  not available; however, da ta  from a s i m i l a r  experi-  
mental model are avai lable  and have been corrected t o  account f o r  the  
differences i n  the  models. These heat-leak da ta  are plo t ted  as a func- 
t i o n  of hea te r  temperature i n  f igure  20. The heater  temperature a t  t h e  
t i m e  of the  last  v isua l  observation of t h e  l i q u i d  l e v e l  w a s  254' R. 
From f i g u r e  7, the  temperature a t  launch w a s  1 8 5 O  R and the  average t e m -  
perature w a s  thus 220° R. 
Btu per hour. 

The las t  v isua l  observation of t h e  l i q u i d  l e v e l  
A t  that time, the sphere 

I n  order t o  deter-  

The average heat-leak r a t e  i s  therefore  604 

The amount of l i q u i d  boi led off  i n  percentage of t o t a l  volume during 
t h e  holding period i s  given by 

(Boiloff rate) X ( t i m e )  100 percent 
%vpSl 

%o = 

where k, is  the  heat of vaporization, V, the  sphere volume, and pS1, 

t h e  dens i ty  of saturated l iquid.  Hence 

This ca lcu la t ion  leaves 22.5 percent a t  launch. The t o t a l  mass i n  t h e  
container i s  given by 

PVPSZ + (100 - P)VP,, 
= 0.2338 l b  100 Weight of H2 = 

The s p e c i f i c  volume of the  system i s  given by 

cu f t  = 0.9443 - v v =  
Weight of H2 l b  
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Pressure Rise Calculations 

The heat input t o  the contained mass of hydrogen l i q u i d  and vapor 
can be obtained from the heat- t ransfer  equations discussed previously. 
With t h i s  heat input and a knowledge of the mass of hydrogen, the pres- 
sure can be calculated f o r  the constant volume system, which assumes t h a t  
the contents a re  i n  thermal equilibrium. The equation f o r  t h i s  process 
can be obtained from the f i r s t  l a w  of thermodynamics and the d e f i n i t i o n  
Of enthalpy and i s  given as 

q = A H - v m  (A9) 

This equation checked experimental r e s u l t s  qui te  accurately i n  the work 
described i n  reference 17 .  

In calculat ion of the pressure r i s e ,  the thermodynamic propert ies  

The propert ies  
of para-hydrogen were needed, For t h i s  p a r t i c u l a r  expeqiment, t h e  proper- 
t i e s  of para-hydrogen were obtained from reference 20. 
used are presented i n  f igures  2 1  and 22. Figure 2 1  gives the sa tura t ion  
temperature against  pressurej  the  temperature i s  given against  the  dens i ty  
of l iqu id  hydrogen i n  f igure 2 2 ( a )  and the vapor dens i ty  i n  f igure  22(b). 
The plot  of enthalpy against  pressure f o r  the  constant volume process 
used i n  t h i s  experiment w a s  obtained from reference 20 and i s  given i n  
f igure  23, A constant s p e c i f i c  volume of 0.9443 cubic f e e t  per pound 
w a s  used as determined previously. With the  enthalpy as a function of 
pressure, equation (A9) can be solved t o  give pressure against  heat added 
as shown i n  f igure  24 f o r  the 9-inch-diameter sphere. The pressure i s  
i n  pounds per square inch absolute and the heat added q i s  i n  Btu. For 
a determination of the  pressure f o r  a given heat addition, the i n i t i a l  
pressure i s  needed t o  loca te  a s t a r t i n g  point on the curve. 
pressure i s  then obtained by adding Aq t o  the i n i t i a l  q. 

. 
c 

The r e s u l t i n g  

Several ground t e s t s  were performed t o  determine whether the pressure- 
r ise equation and the heat- t ransfer  equations were s u f f i c i e n t l y  accurate 
f o r  the purposes of the  experiment. The r e s u l t s  of three of these t e s t s  
are presented i n  f igure  25. 
proximated those during f l i g h t  with the  exception t h a t  the  container w a s  
shaken t o  maintain a uniform temperature f l u i d  throughout, A known 
amount of l i q u i d  hydrogen w a s  put i n t o  the sphere. The vent w a s  then 
closed, the  heaters  were turned on and the  contents were shaken. The 
pressure, heater temperatures, and sphere temperatures were recorded 
throughout t h e  t e s t .  The calculated pressure w a s  obtained using the 
heat- t ransfer  equations and pressure equation presented i n  t h i s  appendix. 
It i s  apparent from f igure  25 t h a t  the  calculated pressure c lose ly  ap- 

i n  t h a t  they subs tan t ia te  the  e n t i r e  range of assumptions and the calcu- 
l a t i o n  procedures used throughout t h i s  report .  

The conditions i n  these tes ts  c lose ly  ap- 

proximates the  a c t u a l  recorded pressure. These curves a r e  s ign i f icant  I 

8 
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Adjustment of  Sphere Temperakure Measurements 
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The reduced sphere temperatures from the  te lemetry output d i f f e red  
A t  t h i s  time, all sphere by approximately 1 2 O  R sho r t ly  after burnout. 

temperatures should have indicated approximately t h e  sa tura t ion  tempera- 
t u r e  corresponding t o  a sphere pressure of  15 pounds per  square inch 
absolute because the hydrogen wetted t h e  e n t i r e  w a l l ,  as evidenced by 
the  sharp decrease i n  temperature of t he  upper p a r t  of t he  sphere. 
Hence, each sphere temperature was adjusted by subtract ing a constant 
temperature difference corresponding t o  i t s  temperature a f t e r  burnout 
minus 36.6' R, which i s  the  sa tura t ion  temperature f o r  15 pounds per 
square inch absolute. Subsequent rocket f l i g h t  data have ve r i f i ed  t h a t  
the  d a t a  as corrected above are valid. 

Adjustment of Sphere Pressure 

The reduced sphere pressures from te lemetry are shown i n  f igu re  26 
f o r  pressures up t o  50 pounds per square inch absolute. Two pressure 
gages were used, one f o r  0 t o  50 and t h e  other  f o r  0 t o  200 pounds per 
square inch absolute. A t  launch, the low-pressure gage read 14.7 and 
the  high-pressure gage read about 12.5 pounds per  square inch absolute. 
The two gages were of i d e n t i c a l  construction; therefore ,  t h e  50-pound- 
per-square-inch-absolute gage w a s  more accurate i n  i t s  range than the  
200-pound-per-square-inch-absolute gage. For this reason and because of 
t h e  14.7-pound-per-square-inch-absolute reading a t  launch, t h e  50-pound- 
per-square-inch-absolute gage reading w a s  accepted up t o  48 pounds per 
square inch absolute. Beyond 48 pounds per square inch absolute, the  
high-pressure reading w a s  mult ipl ied by a constant f a c t o r  of 1.14, which 
i s  the  approximate r a t i o  of  the  low-pressure gage reading t o  t he  high- 
pressure reading a t  225 seconds. 
ve r i f i ed  t h a t  t he  d a t a  as corrected a r e  valid.  

Subsequent rocket f l i g h t  da t a  have 

Estimate of Velocity Required f o r  Forced Convection 

Using t h e  hea t - t ransfer  r a t e  in to  the  hydrogen (270 B t u / ( h r )  (sq f t ) )  
AT (about 1' R )  gives the  coe f f i c i en t  of heat  t rans-  and the  approximate 

f e r  hz. 

Btu 
( h r )  ( s q  f t )  ( O R )  

Q/A = 270 h2 = 
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A rough approximation of the ve loc i ty  of the l i q u i d  required t o  
t ransport  270 B t u  per hour per square foot  can be obtained from the  
following equation f o r  flow through a pipe ( r e f .  21) : 

where, i n  the  notation of  reference 21, 

spec i f ic  heat a t  constant pressure evaluated a t  film temperature, 
P Btu/( lb) (OR) 

i: 

spec i f ic  heat a t  constant pressure, B t u / ( l b )  (%) cPb 

D diameter, f t  

G 

k 

mass veloci ty  (dens i ty  X veloc i ty)  

thermal conductivity, Btu/(hr) ( f t )  (9) 

P viscosi ty ,  ~b/( k) ( f t )  

and subscript  f denotes propert ies  evaluated a t  film temperature. From 
the  above equation and h2 = 270 Btu per hour per square foot  per OR the  
ve loc i ty  required i s  5.7 f e e t  per second (proper t ies  evaluated a t  70 lb/ 
s q  in. abs) .  
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SYMBOIS 

area, s q  f t  

accelerat ion,  f t /sec '  

spec i f i c  heat, Btu/lb 

normal g rav i t a t iona l  acceleration, 32.2 f t / s ec2  

enthalpy, Btu/lb 

hea t  of vaporization, Btu/lb 

thermal conductivity, (Btu) ( in. ) /( hr)  ( sq f t )  ( O R )  

c h a r a c t e r i s t i c  length, f t  

l ength  of conduction path, in.  

molecular weight 

number of lead  wires 

f r a c t i o n  of e a r t h ' s  g rav i ta t iona l  f i e l d  
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f r a c t i o n  of e a r t h ' s  g rav i ta t iona l  f i e l d  a t  which ex terna l  forces  
are equivalent t o  intermolecular forces  

pressure,  lb / sq  in. abs 

gage pressure, microns of mercury 

percentage of l i q u i d  i n  sphere by volume 

heat, Btu 

heat- t ransfer  rate, Btu/hr 

heat  t ransfer red  t o  hydrogen sphere by gaseous conduction, Btu/hr 

hea t  t ransfer red  t o  hydrogen sphere by r ad ia t ion  from heater,  
Btu/hr 
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heat t ransfer red  t o  hydrogen sphere by s o l i d  conduction, Btu/hr 

heat added t o  constant volume system, Btu/lb 

temperature, OR 

temperature a t  gage t h a t  measures 

time, hr  

volume, cu f t  

spec i f ic  volume, (Container volume) / (Total  mass of l i qu id  and 

PG, OR 

vapor), cu f t / l b  

weight of hydrogen containment sphere, lb 

accommodation coe f f i c i en t  

r a t i o  of spec i f i c  heats  

t o t  a1 hemispheric a1 e m  i s s i v i  t y 

density, lb/cu f t  

Stefan-Boltzmann constant, 0.1713X10-8 Btu/(hr) ( f t  2 ) ( 0 4  R ) 

surface tension, l b / f t  

Sub s c r i p t  s : 

ab s 

avg 

bo 

cu 

C 

f-v 

h 

absorbed 

average 

boi loff  

copper 

camera por t  

f i l l -vent  tubes 

heater 



cu 
(5, 
m r: w 

i 2 t  

L 

S 

s c  

s l  

sr 

ss  

s v  

W 

instrumentation lead tube 

lead w i r e s  

hydrogen sphere w a l l  

s o l i d  conduction 

sa tura ted  l i q u i d  

support r i n g  

s t a i n l e s s  steel  

sa tura ted  vapor 

inner  surface of nitrogen cooling jacket  
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Figure 1. - Sketch of zero-gravity heat-transfer apparatus. 
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Figure 5 .  - Concluded. Acceleration during f l i g h t .  
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Total heat added, Btu 

Figure 13. - Comparison of actual pressure and calculated thermal equilibrium pressure 
as  function of total heat input. 
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Figure 14. - Pressure difference as function of t o t a l  heat added per unit  area. 

. 

. 



.1. 



50 

r i  
d 
B 

k a 
Y z c 
cd 
k 
-P 

a, s 

E 

-P 
Ld 
k 
a, 
Pi 

c, 

k 
0 

I 

W 
d 

I3 
I 

I- 
U 
U 
K 



. 

(a) Lower half of sphere. 

Figure 17. - Location of temperature transducers on hydrogen sphere. 
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(b) Upper half of sphere. 

Figure 17. - Continued. Location of temperature transducers on hydrogen 
sphere. 
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( c )  Sketch. Note: Distances shown a r e  those projected 
on plane of equator. 

Figure 17. - Concluded. b c a t i o n  of temperature transducers on hydrogen sphere. 
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Figure 19. - History of hea t - t r ans fe r  r a t e s  during f l i g h t .  
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Figure  21. - Satura t ion  temperature of para-hydrogen as m c t i o n  of pres -  
sure.  Data from reference  20. 
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(a) Sa tura ted  l i qu id .  

Figure 22. - Density of para-hydrogen as func t ion  of s a t u r a t i o n  tempera- 
t u re ,  Data from reference  20. 
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Figure 22. - Concluded. Density of para-hydrogen a s  function of saturat ion 
temperature. Data from reference 20. 
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